Global analysis of gene expression profiles in mostglycinin-deficient cultivar Tousan205, was performed by DNA microarray analysis. It was confirmed that Tousan205 lacks mRNA expression of three glycinin subunit precursor genes, G1 (A1aB1x), G2 (A2B1a), and G5 (A3B4), and lacks G4 (A5A4B3) protein. Most glycinin subunits were deficient in mature seeds of Tousan205. We compared the gene expression of Tousan205 with those of parent cultivar, Tamahomare, which was used for crossbreeding of Tousan205. As a result, Tousan205 exhibited higher expression of some seed maturation proteins, and stress-related genes such as glutathione S-transferase and ascorbate peroxidase. This result indicates the possibility that the decrease of main storage protein, glycinin causes stress in soybean.
Global analysis of gene expression profiles in mostglycinin-deficient cultivar Tousan205, was performed by DNA microarray analysis. It was confirmed that Tousan205 lacks mRNA expression of three glycinin subunit precursor genes, G1 (A1aB1x), G2 (A2B1a), and G5 (A3B4), and lacks G4 (A5A4B3) protein. Most glycinin subunits were deficient in mature seeds of Tousan205. We compared the gene expression of Tousan205 with those of parent cultivar, Tamahomare, which was used for crossbreeding of Tousan205. As a result, Tousan205 exhibited higher expression of some seed maturation proteins, and stress-related genes such as glutathione S-transferase and ascorbate peroxidase. This result indicates the possibility that the decrease of main storage protein, glycinin causes stress in soybean. Key words: glycinin; soybean; DNA microarray; glutathione S-transferase; ascorbate peroxidase Soybean is an important agricultural crop that is widely used to produce a variety of processed foods. Since soybeans are rich in proteins and lipids, they are considered to have a nutritional value that is higher than many other crops. Soy proteins are particularly remarkable for their high contents in essential amino acids, including Met. Also the ability to produce gels from soybeans is considered useful for food processing. 1, 2) Soybean contains four kinds of globulins with different sedimentation constants, 2S, 7S, 11S, and 15S. 3) Of these, glycinin (11S globulin) and -conglycinin (7S globulin) are abundant, accounting for 70% of the storage proteins in soybeans. Glycinin is coded by five genes, Gy1, Gy2, Gy3, Gy4, and Gy5, which then produce precursor molecules G1, G2, G3, G4, and G5 respectively. [4] [5] [6] The precursor molecules are composed of acidic and basic subunits: G1 (A1a and Bx), G2 (A2 and B1a), G3 (A1b and B1b), G4 (A5, A4, and B3), and G5 (A3 and B4). These precursor molecules are also classified into three groups: I (A1aB2, A1bB1b, and A2B1a), IIa (A5A4B3), and IIb (A3B4). 2) -Conglycinin is composed of -, '-, and -subunits, which exist as trimers in protein body. 7) Comparisons of the amino acid compositions of the two storage proteins, glycinin and -conglycinin, revealed that the sulfur amino acids, Met and Cys, are more abundant in glycinin than in -conglycinin, which implies that the nutritional value of -conglycinin is inferior to glycinin. In addition, glycinin which is a Cysrich protein, plays a part in curd formation as its disulfide bonds are involved in gel formation, but the functional food ingredient -conglycinin was recently reported to suppress triacylglycerol levels in blood. 8, 9) In order to exploit the characteristics of each protein more fully, attempts to produce glycinin-rich andconglycinin-rich cultivars were made by crossbreeding and searching the genetic resources.
In the case of glycinin production, a I-and IIbdeficient cultivar, and a IIa-deficient cultivar were found in the genetic resources. These two variants were crossbred to obtain a cultivar that was deficient in all of the glycinin subunits. The deficient cultivars are known to exhibit numerous different protein composition. In most cases, an increase in glycinin results in concomitant decrease in -conglycinin, and vice versa, which implies that an increase in the expression of one storage protein causes a decrease in another. 5) In the case of -conglycinin, the 0 -subunit-deficient cultivar, Kebuli, and the -and--subunit-reduced cultivar were both found by searching genetic resources. In addition, -irradiation treatment has producedand-0 -subunit-deficient mutants. 5) By crossbreeding the two variants described above, a -subunit-deficient cultivar was bred. It was registered under the name Yumenominori. 5) Since many genes are expressed over the course of seed maturation, it can be predicted that if the major component is almost entirely deleted, both gene expression and seed metabolism will change. Although the expression of individual genes has been studied by several researchers, few of these reports have attempted y To whom correspondence should be addressed. Fax: +81-3-5841-1879; E-mail: asakura@mail.ecc.u-tokyo.ac.jp Abbreviations: APX, ascorbate peroxidase; DS, dry seed; GST, glutathione S-transferase a global analysis of gene expression. 10, 11) This is because the methods to examine global changes is not fully developed.
In this study, we compared the global gene expression of the Tousan205 and Tamahomare soybean cultivars to verify the changes in seed metabolism caused by storage protein deficiencies. Tousan205 is a most-glycinindeficient variant derived from the Tamahomare cultivar. The glycinin subunit I and IIb deficient cultivar, ''Tm-010'' and the glycinin subunit IIa deficient cultivar Tamahomare were crossbred in order to create an all-glycinin-subunit-deficient cultivar. Tousan205 was obtained by the fourth breeding. Since significant differences in storage protein content must affect the metabolism of the seed, DNA microarray analysis of the two cultivars was conducted to clarify how storage protein composition affects gene expression in soybean seeds.
The Tamahomare and Tousan205 soybean (Glycine max) cultivars were cultivated under the same conditions at the Nagano Vegetable and Ornamental Crops Experiment Station (former Nagano Chusin Agricultural Experiment Station) in Shiojiri, Nagano, Japan. All of the samples were cooled to À80 C immediately after collection and then transported to our laboratory at University of Tokyo. The soybeans of each cultivar were collected based on bean size, i.e., ''bean 5 mm'' which is around two weeks after flowering and ''full-size beans'' which is 6 to 7 weeks after flowering ( Fig. 2A) .
In order to confirm the composition of glycinin in Tousan205, we analyzed the crude protein, lipid, and carbohydrate compositions in each bean. The protein content of Tamahomare was slightly higher than that of Tousan205, while the lipid and carbohydrate contents were almost equal ( Fig. 1A) . Then SDS-PAGE analysis of mature seeds was performed. Glycinin subunit G3 was detected in both Tamahomare and Tousan205, and other glycinin subunits were only found in Tamahomare. Also, the -conglycinin content was found to be higher in Tosan205 (Fig. 1B) .
To verify the existence of null alleles for the glycinin genes, we used RT-PCR analysis to examine the expression of glycinin subunits. An RNeasy Plant Mini Kit (Qiagen, Germantown, MD) was used to extract and purify RNA from 2-3 beans for each sample. The purified samples were used for RT-PCR and microarray analysis. The accession numbers for the actin and G1, G2, G3, G4, and G5 glycinin-precursors are BI970928, M36686.1, D00216.1, AB030495.1, X05652.1, and AB000168.1 respectively. Sequence data from the DNA Data Bank of Japan (DDBJ) and Primer 3 software were used to design PCR primers for each gene. The forward and reverse primer sequences and the size of the resulting amplicon (in parentheses) were as follows: actin: 5 0 -TGAGCGTTTCAGATGTCCAG-3 0 and 5 0 -ATTCTGCCTTTGCAATCCAC-3 0 (329 bp); G1: 5 0 -GATGAGAAGCCACAGTGCAA-3 0 and 5 0 -GCGG-AGAGATCCAAACTCAG-3 0 (243 bp); G2: 5 0 -ACAG-TGCGTGGAGACAGACAAAGG-3 0 and 5 0 -CTGGGC-ACTGAGTTTGAGAAGCC-3 0 (234 bp); G3: 5 0 -AAAC-TCAGTGCCCAGTTTGG-3 0 and 5 0 -TGCAGCTCTCC-ATCAAACAC-3 0 (155 bp); G4: 5 0 -CTCCAGACGAC-GAAAGGAAG-3 0 and 5 0 -GCTTGGTCGACTAGGAC-GAG-3 0 (221 bp); and G5: 5 0 -CTCAGTGGCTTCAG-CAAACA-3 0 and 5 0 -GGTCGTCGTGGAGGATAAGA-3 0 (215 bp). All of the primers were purchased from Sigma-Aldrich Japan.
RT-PCR was conducted under the following conditions: 94 C for 1 min, followed by 23 cycles of 94 C 30 s, 58 C 30 s, and 72 C 30 s, and a final step of 72 C for 5 min. As shown in Fig. 1C, compared to Tamahomare, which showed expression for all of the glycinin subunits, Tousan205 completely lacked mRNA for A1aBx and A2B1a subunits of glycinin, and showed very low expression of A3B4. These findings indicate that G3 is present in Tousan205, G1, and G2 are null alleles, and that G4 and G5 are expressed and then posttranslationally modified.
We also analyzed the free amino acid content of the two cultivars. As shown in Fig. 1A , the total free amino acid content of Tousan205 was 1.8 times greater than that in Tamahomare. Takahashi et al. reported an increase in free amino acid content in some cultivars with low storage protein content. 5) Consequently, Tousan205 could be considered a most-glycinin-deficient cultivar with high free amino acid content.
DNA microarray analysis was performed to examine gene expression in cultivars that were most-glycininsubunit-deficient. The assay was performed using a One-Cycle cDNA Synthesis Kit (Affymetrix, Santa Clara, CA), Sample Cleanup Module (Affymetrix), and GeneChip IVT Labeling Kit (Affymetrix). After synthesizing cDNA from 4 mg of purified RNA, biotinylated cRNA was transcribed from the cDNA using T7 RNA polymerase before being fragmented in preparation for filling an Affymetrix Soybean Genome Array containing over 37,500 soybean genes (Affymetrix). The fragmented RNA was then hybridized with the array at 45 C for 16 h, then the array was washed, labeled with phycoerythrin, and fluorescent signals were scanned using the Affymetrix GeneChip System. All microarray data was submitted to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus Database (http://www.ncbi.nlm.nih.gov/geo/, GEO Series ID GSE22158).
Affymetrix GCOS software was then used to convert the array images with the intensity of each probe to CEL files, which were then normalized with the DFW algorithm using the statistical language R and Bioconductor. 12, 13) The pvclust function was then used to perform the clustering analysis of eight samples (Fig. 2B) , 14) which clustered into distinct groups based on the stage of maturation. The differentially expressed genes (DEG) were identified by comparing the expression signals of two cultivars at the same stage using a rank products function. In order to acquire information for the genes, the annotation file for the Soybean Genome Array was downloaded from Affymetrix website (NetAffx). To investigate differences between the two cultivars, DEGs with FDR < 0:05 were divided into two cases: expression levels of the Tamahomare cultivar were greater than those of the Tousan205, and vice versa ( Table 1) .
As shown in Table 1 , at the ''bean 5 mm'' stage, the Tousan205 cultivar had higher levels of ascorbate peroxidase (APX) expression, while the Tamahomare cultivar had higher expression levels of the glycinin subunit precursor genes. At the ''full-size'' stage, expression of the seed maturation proteins, glutathione S-transferase (GST) and APX was higher in Tousan205. Also, the Tamahomare cultivar had higher expression levels of the glycinin subunit precursor genes, G1, G2, and G5, which was expected, given that Tousan205 is most-glycinin-deficient and it agrees with our RT-PCR result as shown in Fig. 1C . In addition to APX, GST is also a stress-related gene. They are both known to react to active oxygen and wounds, also, salt and osmotic stress tolerance is enhanced by over expression of APX, and GST is induced by ultraviolet. [15] [16] [17] [18] [19] The significantly higher expression of APX in Tousan205 at both maturing stages is indicative of a stress reaction. Moreover, several seed maturation proteins are expressed in Tousan205, of which, 24 kDa and 35 kDa proteins have been submitted at DDBJ as seed maturation proteins and they are up-regulated during maturation. It is therefore possible that instead of producing storage proteins, storage-protein-deficient cultivars express seed maturation proteins in order to mature. Also, Tousan205 had a higher expression of basic 7S globulin related gene. Takahashi et al. have reported that both glycinin and -conglycinin deficient soybean cultivar, QF2 showed extensive accumulation of basic 7S globulin which was in agreement with our results. 5) In conclusion, compared to Tamahomare, the expression profile of Tousan205 is characterized as having higher levels of genes encoding both seed maturation proteins and stress-related genes, such as GST and APX. This phenomenon suggests the possibility that glycinindeficiency caused higher expression of stress-related genes. Gma.1857.1.S1 at 0 0 D00216.1 A2B1a precursor Full-Gma.8205.1.S1 at 0 1.63E-07 AB000168.1 Glycinin G5 size Gma.1897.1.S1 at 0 0 M36686.1 Glycinin G1 Gma.16829.1.S1 x at 0.042143 8.83E-06 AF047049.1 Nodulin-26/SPCP1 protein
